The Broselow tape (BT) has been shown to estimate weight poorly primarily because of variations in body habitus. The manufacturers have suggested that a visual assessment of habitus may be used to increase its performance. This study evaluated the ability of habitusmodified models to improve the accuracy thereof. METHODS: A post hoc analysis of prospectively collected data from four hospitals in Johannesburg, South Africa, on a population of 1,085 children. Sixteen a priori models generated a modified weight estimation or drug dose based on the BT weight and a gestalt assessment of habitus. RESULTS: The habitus-modified method suggested by the manufacturer did not improve the accuracy of the BT. Five dosing and four weight-estimation models were identified that markedly improved dosing and weight estimation accuracy, respectively. The best dosing model improved dosing accuracy (doses within 10% of correct dose) from 52.0 to 69.6% and reduced critical dosing errors from 16.5 to 4.3%. The best weight-estimation model improved accuracy from 59.4 to 81.9% and reduced critical errors from 11.8 to 1.9%. CONCLUSION: The accuracy of the BT as a drug-dosing and weight-estimation device can be substantially improved by including an appraisal of body habitus in the methodology.
I
s it inevitable that the "use of the Broselow tape may result in the under-resuscitation of children" in high-income countries and that it may dangerously overestimate weight in low-and middle-income countries such as the "South Sudan, the hungriest place on earth" (1-4)? The developers of the BT acknowledged, even in the first publication, that body habitus might need to be used to increase the accuracy of weight estimation, especially in older and heavier children (5) . Their recommendation was that a child be "bumped up" a color zone if the child appears overweight or obese, to increase the accuracy of weight estimation (6, 7) . More recently, the manufacturer has suggested that, based on growth chart data, using this technique will ensure that more than 80% of children will fall into the correct color zone on the 2011 edition A tape ( Figure 1) (7) . This has never been tested in a clinical study.
There have also been several recent studies that have shown that the BT substantially, and potentially dangerously, overestimated weight in low-and middle-income countries and in poor populations with a high prevalence of underweight children (2, (8) (9) (10) (11) . The most recent edition of the BT (the 2011 edition A) was considerably modified from the previous edition to reduce underestimation of weight, especially in older children, which has magnified the overestimation of weight in these populations. The developers of the BT have not recommended a solution to this challenge, other than to suggest that emaciated children may be more tolerant of medication overdoses than children with optimum weight and nutrition (12) . This viewpoint is not universally accepted, however (13) .
The Importance of Accurate Weight Estimation
Accurate weight estimation during the management of medical emergencies in children is important to allow safe and effective administration of medications, fluids, and other weight-determined emergent therapy (14) . There is sufficient evidence to show that children are at risk of sustaining medication errors during emergency care, and it is therefore mandatory that accurate and appropriate methods of weight estimation be employed (15, 16) . With newer dual length-and habitus-based weight-estimation methodologies, such as the Mercy method (17) and the PAWPER tape (18) having shown a much greater accuracy in weight estimation than the BT across a wide spectrum of populations, the performance of the BT must be questioned, unless the use of habitus-modified weight estimation can increase the accuracy of the tape (19, 20) .
Goals of this Investigation
Our hypothesis was that the addition of a visual estimate of body habitus could significantly increase the accuracy of the BT. We aimed to test several a priori models of habitus-based 
METHODS
This was an analysis of pooled data from three previous studies evaluating various weight estimation systems, including the BT (11, 18, 21) . Permission to conduct the original studies as well as the secondary data analysis was obtained from the Human Research Ethics Committee of the University of the Witwatersrand. Written informed consent was obtained from parents and written assent was obtained from children over the age of 7 years.
Study Design and Setting
Each study was a prospective, observational, cross-sectional study from four hospitals in Johannesburg, South Africa. Two of the hospitals serve a community of mostly low socioeconomic status and two serve a middle-class community. Study 1 enrolled 453 children from September 2008 to October 2008 in two centers. Study 2 enrolled 332 children from July 2014 to December 2014 in one center and Study 3 enrolled 300 children from August 2014 to January 2015 in a single center. The aims of these studies were to evaluate the weight estimation accuracy of the PAWPER tape, the Mercy method, and the original BT methodology.
Selection of Participants
These data were obtained from convenience samples of children not requiring emergency medical care. The inclusion criteria were children aged 1 month to 12 years (Studies 1 and 3) or 1 month to 16 years (Study 2). The exclusion criteria were children with congenitally abnormal stature (e.g., dwarfism) and children whose length could not be assessed (e.g., because of contractures). The "package insert" from the Broselow tape 2011 edition A. This insert includes the manufacturer's analysis of the predicted accuracy of the Broselow tape and the proposal to improve its performance, given the large number of published studies that have raised concerns about the underestimation of weight by the Broselow tape. The discussion on IBW vs. TBW is based on theoretical considerations, which have been superseded by more recent work on the subject.
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Methods and Measurements
Study procedure. A standardized procedure was followed in each study: Each child's supine length was measured with a standard measuring tape. The BT (2007 edition A for Study 1 and 2011 edition A for Studies 2 and 3) was used to generate an estimate of weight, according to the instructions on the tape. A visual inspection of the child was performed to assign a numerical quantification of body habitus according to previously described methods ( Figure 2 ) (18). The child's actual weight was then measured on a scale and recorded to the nearest 0.1 kg (Tanita SC-240 Body Composition Monitor-Class III device accurate to ± 0.1 kg).
Data extraction for the post hoc analysis. Records from each of the contributing studies were pooled for the post hoc analysis; complete data were available for every child. The data that were used from each of the 1,085 children in this analysis included the following: age, sex, supine length, BT weight, BT color zone, habitus score (HS), and actual measured weight. Z-scores of BMI-for-age were calculated for each child (using the World Health Organization BMI-for-age growth data for children under the age of 2 years and growth data from the Centers for Disease Control (2000) charts for children over the age of 2 years).
Model development. The models to be tested ( Table 1) were developed a priori, based on the findings of previous studies (22) (23) (24) (25) . The models were constrained to be simple enough to be used manually or with a simple mobile phone app. The model proposed by the manufacturers of the BT was also included.
Analysis
Following four primary statistical measures were used to assess performance:
Mean percentage error was calculated for each model as a quantification of the overall estimation bias. The 95% limits of agreement of the mean percentage error (PELOA) were calculated to represent a quantification of the estimation precision. The percentage of drug dose recommendations or weight estimations that fell within 10% (PW10) and 20% (PW20) of true drug dose or measured weight was calculated for each model to represent a quantification of overall accuracy. The absolute percentage deviation from the recommended dose range, using adrenaline as an exemplar, was used to assess drug-dosing accuracy after the method of Shah et al. (26) .
Subgroup analyses were performed using the same outcome measures and statistical analyses for children in the following three weight categories: o10, 10-25, and 425 kg in underweight, normal weight, and overweight/obese children.
The data were analyzed to evaluate differences between the models, the original BT data, and the gold standard using a modified Bland-Altman system, comparison of the mean percentage error and PW10 analysis with parametric (paired t) and categorical (McNemar) tests. A Po0.05 was regarded as significant for all statistical tests.
Outcomes
The primary outcome measure was the performance of each of the modified Broselow models with respect to drug-dose correctness, when compared with a dose based on measured weight. For this study, a drug-dose deviation of 410% of the calculated true dose was considered to be an incorrect dose and a dose deviation of 420% of the actual dose was considered to be a critical dose error (27, 28) . An improvement on the current BT accuracy of 410% was regarded as significant.
The secondary outcome measure was the performance of each of the modified-Broselow weight-estimation models when compared with the unmodified Broselow weight as well as to actual measured (4), obese (5 and 6), and severely obese (7). A HS of 1 was designed to roughly correspond to a weight at the 5th centile of weight-for-length, a score of 2 with the 25th centile, a score of 3 (average) with the 50th centile, a score of 4 with the 75th centile, and a score of 5 with the 95th centile and HSs of 6 and 7 at the upper ends of the centiles. The use of reference images for real-time habitus assessment may allow standardization as different populations may have a different perception of the "average" child.
weight. A PW10 of 470% and a PW20495% were considered to be an acceptable outcome of the model, as has been previously proposed (29) . This is the level of accuracy consistently achieved by other length-based, habitus-modified weight-estimation systems.
RESULTS

Characteristics of Study Participants
The basic demographic information is shown in Table 2 . The study population was reasonably well distributed across the age-and weight spectrum of children for whom the BT can be used, although infants were under-represented. Just over 5% of the total sample (59 children) were too tall for the tape (4145 cm). Only 15 (25.4%) of these children were within 10% of the maximum BT weight and only 24 (40.7%) were close to an "adult" weight of 50 kg. The remaining 20 children (33.9%) had a substantially lower weight than "adult" weight, but significantly higher weight than the maximum possible BT weight. No children were excluded from the studies because of an inability to use the tapes (e.g., because of contractures). The distribution of BMI-for-age Z-scores, and the relationship between Z-scores and HS assignment for the study population, is shown in Figure 3 D1 and D2 models are based on the manufacturer's recommendations. Models were of three basic constructs: (i) either based entirely on the Broselow tape, with shifts up or down color-or weight zones depending on habitus, (ii) with modifications of Broselow tape estimated dose or weight up or down in multiples of 10% depending on habitus, (iii) or a blend of both methodologies. The blended models were used for children in the green color zone who could not have an upward "bump" in zone, but rather had a 10% increase in dose. Increases in weight estimation were not limited to the maximum of the Broselow tape (36 kg) but were increased as per the model rules (e.g. an obese child falling into the 36kg green zone could have their weight "bumped up" two weight-zones to a maximum of 40kg). Some models were rejected before the testing phase because of ambiguities of the phrasing and because of complexities that would not have been feasible to be used during the stress of emergency medical care. The value of 10% for modifications in the nominal models was selected primarily for its simplicity in calculations, but also because previous studies from diverse populations have shown that adjustments of 8-12% (up in fat populations and down in thin populations) would have been appropriate.
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The Performance of the Unmodified BT
The prediction by the manufacturer of the correctness of placement of children into color zones with the unmodified BT ( Figure 1 ) was not borne out by the findings of this study. Fewer children had a correct color-zone placement (57.0% vs. 65% predicted), slightly more children had an underestimation of weight (23.4% vs. 20% predicted), the same number of children had weight overestimated as predicted (13.2% vs. 13% predicted) but there were many more children who were more than one color-zone off (6.4% vs. o1% predicted). The performance of the unmodified BT in terms of accuracy of drug doses and weight estimation is shown in Figure 4 and Supplementary Table S1 online. Drug doses were correct in only 52.0% of the sample, with more than 16% of critical errors, mostly doses above the recommended range. This was consistent across the weight category subgroups. Weight estimation was slightly more accurate, with a PW10 of nearly 60%, but 11% of children still received a critically erroneous weight estimation. Weight estimation accuracy fell off sharply in older and heavier children.
The Performance of Habitus-Modified Dosing Models
Models D1, D2, D3, and D6 worsened or failed to improve the accuracy of drug dosing and were rejected (Supplementary Table S1 ). The remainder of the models provided a significantly improved drug-dose accuracy with an overall small-to-medium effect size. The 10%-based models were According to the World Health Organization criteria, a Z-score of o − 2 is generally considered to identify a significantly underweight child, a Zscore of 4+1 indicates an overweight child, a Z-score of 4+2 indicates an obese child, and a Z-score between − 1 and +1 indicates "optimum" habitus.
more accurate than those based on color-zone "bumping" methods, with models D5 and D9 being the best of the colorzone and 10%-based methods, respectively. The improvement of drug-dosing accuracy was substantial and the effect sizes were largest in the subgroups of heavier, thinner, and fatter children.
The Performance of Habitus-Modified Weight-Estimation Models
All the evaluated models (W4 to W7) showed a significant, considerable improvement in weight-estimation accuracy (medium effect size), with the 10%-based methods again outperforming the weight-zone-based models. The subgroup analysis of the W5 and W7 models (the best of each method) showed a uniform improvement across the weight spectrum, but very large effect size increases in accuracy in children of high and low weight-for-length (thin and fat). All analyses were performed with and without the inclusion of the 59 children 4145 cm length. This made little overall difference to the model performances. Analysis with the substitution of BT 2011 edition A for the BT 2007 edition B tape also showed no significant difference overall.
DISCUSSION
Only 42.9% of this study population was assessed as of "normal", or average, habitus, which meant that nearly 60% of children required a modification of weight estimation to receive an appropriate drug dose. This demonstrates the importance of and need for habitus-based modification methodologies to ensure safe drug dosing. Although there was a reasonably high prevalence of both underweight and obese children in this study population, other populations may well have a higher prevalence of either obese or underweight children (or both), with a consequent greater need for a habitus-modified system (22, 31) .
The Outcomes of the Habitus-Modified Drug-Dosing Models
The evaluation of the habitus-modified dosing model recommended by the manufacturer not only showed no improvement, but, in fact, a slight worsening of drug-dosing accuracy. Furthermore, previous studies have shown that the BT is at risk of both underestimation as well as overestimation of weight in different populations; therefore, any habitusbased model must be able to accommodate a wide spectrum of habitus types and not only apply to obese children (1,2). Unfortunately, there are few previous studies comparing the accuracy of the actual BT drug doses against those calculated from measured weight. In most previous reports, the BT dose is assumed to be correct if the correct color zone is selected (26) . This is clearly incorrect as shown in this study, with the original BT providing a "correct" dose in only half the study population and a critical dosing error in nearly 17% of the population.
The improvement in performance of the "bumping" color zone drug-dosing models was modest when compared with the unmodified tape performance, although they did provide a significant reduction in critical dosing errors. This is because the BT provides only one dose per color zone and not a dose for each weight zone (except for the gray zone). Although this allows simplicity, it increases the prevalence of drug-dosing errors. Any model based on color zones could, therefore, provide only very coarse adjustments of dose.
On the other hand, the performance of the 10%-based models, which modified the dose itself rather than the color zone, was more impressive with a sizable significant increase in accuracy. These models achieved a critical dosing error rate of less than 5%. This approach permitted a degree of finetuning not possible with the color-zone-bumping method.
The accuracy of the models was consistently reproduced in the subgroup analysis between weight and habitus categories, with very low critical error rates. The exception was with the D5 model in underweight children (HSo3) where drug doses were excessively reduced and 11% of these children would have been underdosed. Re-analysis of the data with a less stringent reduction (only for HS 1) did not improve the performance.
The Outcomes of the Habitus-Modified Weight-Estimation Models
The relative accuracy of weight estimation was greater for both the unmodified BT as well as for both forms of the habitus-modified weight estimation models when compared with the drug-dosing accuracy. The BT has been extensively studied as a weight-estimation device, with the two best performances ever recorded originating from studies in Iran and in New Zealand with a PW10 of 72.5% and 73.4%, respectively (32, 33) . The two worst performances were in populations from India and South Sudan with a PW10 of 28.0% and 15.1%, respectively (2, 10) . The performance of the unmodified BT in this study was about average, compared with previous studies; however, many children were at risk of critical dosing errors. This accuracy is well below what the newer dual length-and habitus-based methods have achieved -a PW10 consistently greater than 70% and PW20 greater than 95%.
The performance of the weight-zone "bumping" models was substantially better than the color-zone "bumping" models because of the higher number and closer spacing of the weight zones. The 10%-based models still performed statistically significantly better than the "bumping" models, however, at least partly as a maximum weight of more than 36 kg could be achieved (up to 40 kg for overweight, green children). The accuracy achieved by the modified weightestimation models was exceptional and rivalled the results from other dual length-and habitus-based systems. The best models had fewer than 3% critical errors. This accuracy was remarkably well maintained throughout the weight subgroups evaluated, as well as in thin, average, and overweight children.
Given the evidence of the accuracy of these outcomes, and the simplicity of the "bumping" models (if not the 10%-based models), the stimulus to consider evaluating them further and using them in clinical practice is compelling.
The 10%-Based vs. the Zone-Based Models
The accuracy of the 10%-based models was significantly superior to that of the color-and weight-zone "bumping" methods, especially in the dosing models. The disadvantage of this methodology is that it requires some mental arithmetic and, although it may appear to be simple to perform these calculations, there is good evidence to show that even simple arithmetic is fraught with error during stressful situations (34) (35) (36) . This needs to be tested using the current models in simulated pediatric emergencies. The choice of which technique to use may depend on the nature of the emergency, the time pressure, and the balance between accuracy and easeof-use. Both systems would require appropriate training to minimize errors (34) .
Appropriate Targets for Drug-Dosing and Weight-Estimation Accuracy
Some authors argue that an overly stringent accuracy target for weight-estimation and drug-dosing are not justified, given that many of the drug-dose guidelines are not well established by high-quality evidence (12, 19) . Given the absolute imperative to minimize medication errors, it is a good medical practice to eliminate as many errors as is reasonably achievable, and it is certainly not a good medical practice to continue to use a proven poor weight-estimation (and therefore drug-dosing) system (37) . The use of habitusmodified models to improve the accuracy of the BT may be one potential solution to this root-cause error.
Children too Tall for the Tape (4145 cm)
There are problems with using the Broselow tape in children 4145 cm length, as shown previously (38) . The manufacturer's recommendation for the BT is to use an adult dose for children 436 kg, but only 40% of these children could have been considered to have close to an "adult weight" of 450 kg. This means that substantial drug errors would have resulted for 60% of the children by following the BT recommendations. This recommendation needs to be revised.
How Generalizable are the Findings of this Study?
There are two components to this important question. The first is whether the models would be as effective in populations that are different to this study population. The fact that the best models were consistently accurate in both the underweight and overweight subgroups supports the argument that the models will probably be effective in populations with a greater proportion of underweight or overweight children. Furthermore, the study sample contained enough normal weight, underweight, and overweight children to adequately test the functioning of the original BT and the proposed models.
The second question of generalizability is whether the accurate assessment of habitus can be reproduced by other non-expert users. In this study, the strong association between HS and BMI-for-age confirmed that visual inspection was successfully used to categorize habitus. Visual assessment of habitus has been shown to be accurate in previous studies (11, 18, 20, 39) , but has also been shown to be less successful without appropriate training (40, 41) . There are other more objective methods of assessing habitus that may prove useful with the models described in this study, such as the use of reference-image-assisted habitus assessment, or anthropometric predictors of habitus. Figural reference image-based habitus assessment has previously been established as feasible and accurate and can be used to provide a less subjective method of rapidly assessing habitus (18, 39, 42) . Similarly, anthropometric measurements, such as mid-arm circumference, have been well established as accurate predictors of habitus and could be included in a model (17, 43) . The use of waist circumference has also recently also been shown to significantly improve the accuracy of weight prediction by the BT in obese children (20) . Although anthropometric methods are more objective than anthroposcopic methods, they may be technically difficult to obtain during emergency medical care. This would, however, be a further interesting avenue of research as the best method of assessing habitus is yet to be established.
With respect to the habitus assessment in the different models, there was no requirement for subtle distinctions between habitus categories in the "bumping" drug-dosing models, with color zones increased only for obese children (HS 5 and above) and decreased for underweight children (HS 1 and 2). This means that this model should be very reproducible, given that the extremes of habitus are easy to identify, even for inexperienced users. The other models required a bit more refinement in differentiating the overweight (HS 4) from the obese (HS ≥ 5) child and the thin (HS 2) from the emaciated (HS 1) child. The evidence from this study was that this was achieved successfully, however.
Limitations
The development of models was limited by the architecture and design of the BT, with its inherent characteristics (one drug dose value per color zone), the need to limit models to (relatively) cognitively neutral methods, and the uncertainty of acceptable end points (what degree of error is tolerable).
Although accurate weight estimation is important, a weightestimation system should not add to the cognitive burden experienced by the treating team as this may create more opportunities for error (44, 45) . The models used in this study improved accuracy significantly, and were simple in design, but will need to be tested further to establish their cognitive impact and vulnerability to error.
CONCLUSIONS
The incorporation of a visual assessment of body habitus into a relatively simple model can greatly improve the accuracy of both weight estimation and drug dosing. The 10%-based methods were more accurate than the color-zone "bumping" methods but both were significantly more accurate than the unmodified BT.
Given how much more accurately the weight-estimation models improved the BT's performance, when compared with the drug-dose models, it might be appropriate to preferentially use the habitus-modified weight estimation as the basis for dose determination.
Additional research will be required to assess the cognitive impact and risk for errors when these models are used during simulated management of medical emergencies and thus to establish their role in clinical practice. The use of mobile phone apps or computerized system may prove invaluable to reduce cognitive load as systems unavoidable become more complex.
